Bio-based carboxyl-terminated hyperbranched crosslinkers have been synthesised by the facile esterification reaction of glycerol with succinic anhydride (Gly-SA). The Gly-SA crosslinking molecules have a large number of terminal carboxyl groups, which can crosslink through the epoxide of epoxidised soybean oil (ESO), making a highly flexible transparent film with excellent oxidative resistance. The effect of different molecular weights of Gly-SA cured ESO on the thermal and mechanical properties of the resulting films was also investigated. This study demonstrated that an increase in the molecular weights of Gly-SA, led to a decrease in the curing rate of mixtures, whilst the glass transition temperature (T g ) of Gly-SA cured ESO increased due to the incorporation of the bulky crosslinker. The use of a Gly-SA crosslinker prepared at 150 C, resulted in a film (EGS150) with a tensile strength 13 times greater than of the control film, exhibited more than a 220% increase in elongation at break and the Young's modulus quadrupled compared to the value obtained for the control sample. It is noteworthy that the tensile strength and elongation at break improved with increasing Gly-SA chain length, suggesting the prepolymerised crosslinkers contribute to the enhanced mechanical properties of the materials.
Introduction
The use of bio-based polymers derived from renewable resources have become of interest due to the rapid depletion of crude oil and the potential environmental benets.
1 Plant oils are an attractive feedstock due to their low toxicity, competitive cost, high availability and intrinsic renewability. [2] [3] [4] [5] The majority of plant oils are utilised within the food industry except for castor and linseed oils, which are used in non-food applications such as lubricants, surface coatings and plastics. [6] [7] [8] In addition, plant oils have been used for decades in paint formulations and resin applications. 9 Plant oils or vegetable oils are fats derived in large volumes from agricultural feedstocks including plants seeds, as triglyceride esters of glycerol and 3 fatty acids. [10] [11] [12] [13] [14] In 2017/2018, global oil seed production (copra, cottonseed, palm kernel, peanut, rapeseed, soybean and sunower seed) was estimated to be up to 574 million tonnes, accounting for 345 million tonnes of soybean oil.
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Soybean oil is used in various applications such as soaps, paints, coatings, lubricants, and bioplastics. 16, 17 Typically, soybean oil is composed of palmitic (11%), oleic (23%), linoleic (53%), linolenic (8%) fatty acids, having an average of 4.6 double bonds per triglyceride. 9, 18, 19 The abundance of unsaturated C]C double bonds within the fatty acid constituents of soybean oil facilitate the production of epoxidised soybean oil (ESO). 20 ESO can be easily transformed to epoxy thermosets through cationic polymerisation or curing with crosslinking agents such as dicarboxylic acid, anhydrides and diamines. 14, [21] [22] [23] [24] [25] Moreover, ESO derived thermosets materials can be biodegradable in a composting environment. 26 Although numerous studies of ESO based thermosets have been reported, the majority of work concerns the use of non-renewable crosslinkers, resulting in low bio-content products.
27-29
The main challenge in converting ESO thermosets to high performance materials is to overcome the limitation of their short-chain crosslinked structures, which results in a brittle material. 30 Long chain dicarboxylic acids have shown promising results when used as crosslinking agents for ESO, providing better exibility and higher thermal stability as compared to those with shorter chains.
14,31 Several studies have developed bio-based crosslinkers for ESO resins to improve properties by providing a larger and stronger structural crosslinkers, such as the preparation of tetrafunctional crosslinkers from gallic acid dicarboxyl terminated oligomeric poly(butylene succinate) (OPBS) and dicarboxyl-terminated polyamide 1010 oligomers (NYL) from castor oil, which can enhance the mechanical properties for ESO-based thermoset materials. [32] [33] [34] Dai et al. reported a synthesis of polyesters by melt polycondensation of itaconic acid with diols and glycerol, which were used to crosslink acrylated epoxidized soybean oil (AESO). The results indicated that the introduction of the polyesters signicantly improved the mechanical properties of the thermosetting resins. 35 Other bio-derived crosslinkers including methacrylated eugenol and isosorbide-methacrylate were also utilised as hardeners for AESO, 36, 37 however such crosslinkers are not fully bio-based and are costly. Therefore, further work is still needed to develop commercially viable sustainable low cost crosslinkers from abundantly available bio-based platform molecules. Glycerol is an abundant co-product of the biodiesel industry and one of the top 12 bio-derived platform molecules.
3,38
Herein, carboxylic hyperbranched oligomers (Gly-SA) crosslinking agents have been synthesised via a simple esterication reaction of glycerol (Gly) and succinic anhydride (SA). These bioderived crosslinkers were utilised in the curing of ESO in order to obtain a fully bio-based thermosetting resin.
Experimental

Materials
Epoxidised soybean oil (ESO) was purchased from Akcros Chemicals as Lankroex E2307. Glycerol (Gly, 99.5%) was purchased from Carlo erba. Succinic anhydride (SA, 98%) was supplied from Merck. 4-Dimethylaminopyridine (DMAP, 99%) was obtained from Acros Chemicals. All materials were used as received without further purication.
Synthesis of carboxyl-terminated hyperbranched oligomers
Carboxyl-terminated crosslinkers with different molecular weights were synthesised by direct esterication of glycerol and succinic anhydride. Four different temperatures; 90 C, 110 C,
130
C and 150 C of the synthesis temperature were used and the products obtained were named according to their processing temperatures as Gly-SA90, Gly-SA110, Gly-SA130, and Gly-SA150, respectively. The Gly-SA crosslinkers were synthesised according to Scheme 1 from glycerol and succinic anhydride in a molar ratio of 
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Preparation of sample lms of Gly-SA cured ESO thermosets Bio-based thermosetting lms were prepared by ring-opening crosslinking reaction of ESO with Gly-SA. Gly-SA was melted at 140 C for 5 minutes, to this ESO was added to the mixture solution (1 : 1 weight ratio) and stirred for 15 minutes at 140 C.
Subsequently, DMAP catalyst (0.5% of the total resin weight) was added and the mixture was stirred for a further 2 minutes. The mixture was poured into a silicone tray and cured at 140 C for 24 hours in order to obtain the thermoset materials (EGS). The plausible cross-linked structure of the EGS resin is presented in Scheme 2.
Characterisation
Infrared spectroscopy. Infrared spectra was recorded using a Bruker TENSOR 27 in attenuated total reectance (ATR) mode with Opus 7.0 soware measuring in the range of 4000-550 cm À1 , using a resolution of 1 cm À1 and 16 scans. 1 H NMR and 13 
C NMR.
1 H NMR and 13 C NMR spectra were recorded using a Varian 400 MHz NMR spectrometer using deuterated dimethyl sulfoxide (d 6 -DMSO) as the solvent.
Molecular weight and polydispersity index of Gly-SA. Gel permeation chromatography (GPC) was used to determine the molecular weight of synthesised crosslinkers. The study was performed on a Shimadzu LC-20AD with CTO-20A oven column and a RID-10A detector, equipped with a Shodex KF-804L column. THF was used as the mobile phase at the ow rate of 1 mL min À1 at 25 C. Poly(methyl methacrylate) (PMMA) standard was used for molecular weight calibration. The data was processed using the Class VP programme provided by Shimadzu. Thermogravimetric analysis (TGA). The decomposition temperature of crosslinkers, ESO-Gly-SA mixtures and cured polymer lms were determined using a Hitachi STA720 Thermal Analyser. The samples were heated at 10 C min
À1
from room temperature to 550 C under a nitrogen atmosphere.
The initial sample weight was 10-15 mg. MDSC of reaction mixture. Reaction mixtures were investigated using a TA Q2000 modulated differential scanning calorimeter (MDSC). The mixtures were accurately weighted (10 mg) in to high pressure stainless steel pans, sealed and subjected to a heat-cool cycle from À80
C to +250 C at 1 C min À1 with a modulation cycle of AE0.5 C every 200 seconds.
Mechanical test. The resulting lms were cut into standard dumb-bell shapes (60 mm Â 10 mm). The elastic modulus, tensile strength, and elongation at break of the cured lms were studied using Instron 5567A universal testing machine tted with 1000 N capacity load cell. The initial grip separation was set at 35 mm and the crosshead speed was 20 mm min À1 . The results reported were the averages of the three measurements. Thermal ageing study. Thermal ageing study was performed in an oven operated at 80 C for 7 days. Aer reconditioning at room temperature for 24 hours, the aged specimen were tested by tensile testing using the same procedures as mentioned above in order to determine the effect of ageing process on the mechanical properties. Dynamic mechanical analysis. Dynamic mechanical analysis (DMA) of the cured lms was carried out in tensile mode on a TAQ800, PerkinElmer. The sample were cut into a 10 Â 40 mm and then heated from À60 C to 100 C at a scanning rate of 10 C min À1 , frequency of 1 Hz and oscillation amplitude of 0.1 mm. Storage modulus (E 0 ) and tan d as a function of temperature at a constant frequency were observed. Oxidative stability. Oxidative stability of lms was determined by measuring the residual weight (%) of the lms whilst soaking in Fenton's reagent (2 ppm FeSO 4 in 3 wt% H 2 O 2 solution). The lms (1 Â 1 cm 2 ) were soaked in Fenton's reagent at 80 C for 1 h. The residual weight (R W ) was calculated using the formulation:
where W dry,i and W dry,t are the dry weight (g) before and aer treatment in Fenton's reagent, respectively.
Results and discussion
Synthesis and characterisation of Gly-SA
A schematic representation of the synthesis of Gly-SA crosslinkers and the possibility of the hyperbranched chain is shown in Scheme 1. The obtained products are viscous liquids at room temperature with white to pale yellow colour as shown in Fig. 1 . Fourier transform infrared (FTIR) spectroscopy was used in attenuated total reectance (ATR) mode to investigate the reaction between glycerol and succinic anhydride. The FTIR spectra of glycerol, succinic anhydride and Gly-SA are shown in were noted in the spectra of the synthesised crosslinkers, suggesting the presence of carboxylic acid and ester functionalities respectively. Notably, the absorption peak at 1153 cm À1 associated with the C-O stretching vibration indicated the esteri-cation of glycerol and succinic anhydride. FTIR results for Gly-SA90, Gly-SA110 and Gly-SA130 are consistent with the results of Gly-SA150 and are presented in the ESI. † The structures of Gly-SA were further supported by 1 H and 13 C NMR spectroscopy. The 1 H and 13 C NMR spectra of Gly-SA90, Gly-SA110, Gly-SA130 and Gly-SA150 are shown in Fig. 3 and 4, respectively. The incorporation of hyperbranched units of the crosslinkers was noted as point (e) in 1 H NMR spectra, corresponding to the further esterication reactions of carboxylic acid end groups and hydroxyl group in glycerol molecules (ESI Fig. S2 †) . The intensity of the peak was found to increase with increasing preparation temperature, indicating the increase in the degree of branching.
Molecular weight of Gly-SA crosslinkers
The molecular weights of Gly-SA were determined by gel permeation chromatography (GPC) using THF as the mobile phase. The GPC chromatographs of Gly-SA90, Gly-SA110, Gly-SA130 and Gly-SA150 are shown in Fig. 5 . The peaks of Gly-SA prepared at high temperature were much broader than those of Gly-SA prepared at lower temperature and shied to shorter retention times owing to the growth of molecular weight. The GPC curves indicated that the products were composed of at least four macromolecular populations and the evolution of the populations with the temperature was clearly seen.
Thermal stability of Gly-SA crosslinkers TGA and DTG thermograms of Gly-SA crosslinkers were shown in Fig. 6 . All Gly-SA crosslinkers exhibited a small loss of water, however a greater loss is observed at preparation temperatures of 130 C (Gly-SA130) and 150 C (Gly-SA150), due to the increased degree of esterication. The second weight loss was observed between 160 C and 330 C resulting from the degradation of the remaining succinic anhydride and glycerol in the crosslinked mixture. [40] [41] [42] The weight loss between 330 C and Fig. 1 Gly-SA crosslinkers. 
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C was attributed to the decomposition of the main crosslinker chains with carboxyl-terminated groups. The DTG thermograms (Fig. 6b) revealed that the rate of degradation of Gly-SA crosslinkers increased with decreasing preparation temperature. Furthermore, a shi of the maximum decomposition rate to higher temperature was noted on increasing preparation temperature. This is likely due to the higher molecular weight and greater degree of entanglement of the crosslinkers obtained from higher preparation temperatures.
Preparation and characterisation of Gly-SA cured ESO thermosets
The synthesised Gly-SA materials were used as crosslinkers for the curing of epoxidised soybean oil (ESO). The envisaged curing reaction of ESO with Gly-SA crosslinkers is the ring opening of epoxide by deprotonated carboxylic acid attacking of carboxyl groups to create a network structure shown in Scheme 2.
26 Preparation of lms from cured mixtures in silicone moulds at 140 C produced lms with the thickness of 1 mm. The obtained thermoset materials were noted as EGS90, EGS110, EGS130 and EGS150 according to crosslinkers used in the formulations (Gly-SA90, Gly-SA110, Gly-SA130 and Gly-SA150, respectively). Fig. 7 exhibits the ESO based lms cured at 4 and 24 hours. The ESO homopolymer was still not cured aer 4 hours. The ESO-Gly-SA lms cured for 4 hours showed similar yellow colour as that of ESO homopolymer lm, however, those cured for 24 hours showed a darker colour. All lms were exible and transparent as demonstrated in Fig. 8 .
It is envisaged that at the beginning of the cure process deprotonation of any acid group(s) in crosslinkers occurs. The resulting carboxylate ion then acts as a nucleophile in the ringopening of the epoxide, leading to alkoxide formation and protonated to form an alcohol. The base catalysts assist the proton transfer in the system. The alcohol functionalities present in the crosslinker and formed in curing can further react with epoxide to create the polymer network. Such reactions are consistent with those previously reported for the cross linking of epoxidised oils with diacids. 44 These observations are also backed up with FTIR results.
The crosslinking of ESO and Gly-SA via esterication reaction was studied using ATR-FTIR technique. The FTIR spectra of EGS lms are shown in Fig. 9 . In the FTIR spectra of all EGS lms, the intensity of the band at 830 cm À1 ascribed as the epoxy group decreased due to the ESO ring opening polymerisation reaction by Gly-SA crosslinkers. The band at 3465 cm À1 associating to the hydroxyl functionality was also noted as evidence of epoxide ring opening. A new band at 1003 cm À1 was observed indicating the presence of ether functionality, suggesting possible etherication of the alkoxide group that can subsequently react with other epoxides and contribute to the formation of the crosslinked network. Furthermore, the band at 1711 cm À1 corresponding to the carbonyl group of carboxylic acid observed in Gly-SA crosslinkers was no longer present in the EGS lms, providing further evidence of crosslinking through this functionality. This was also conrmed by the shi of the ester band, from 1741 cm À1 for the ESO spectrum to 1729 cm À1 in the thermosets spectra.
Thermal analysis of EGS mixtures and EGS lms
Modulated DSC was utilised to study thermal events occurring during the curing process of the bio-based thermosets. An exothermic transition was observed in all mixture samples during the rst heating run (Fig. 10) .
The analysis showed that the different crosslinkers scarcely affect the peak temperature of the curing process however, the onset temperature tends to rise with increased crosslinker chain length (Table 1 ). This was anticipated as the steric hindrance can be expected when longer chains are present in the formulation, resulting in retardation of the curing process. The total heat of the reaction of the curing process decreased with increasing chain-length of Gly-SA crosslinkers (Table 1) , suggesting less crosslinking occurred. This was probably due to the availability of reactive groups.
The glass transition (T g ) of EGS lms were analysed by DSC. Fig. 11 shows the second heating scan of EGS lms, T g shied to higher temperature with increasing chain-length of Gly-SA to À20.59, À19.44, À18.89 and À15.83 C for EGS90, EGS110, EGS130 and EGS150, respectively, which is explained by the increased molecular weight of Gly-SA. The lms with crosslinkers prepared from higher temperature showed higher glass transition temperature but highlighted that less crosslinking occurred during the curing process. At higher temperatures Gly-SA crosslinkers could further increase the chain length or even polymerise, leading to higher molecular weights as previously revealed by GPC results. The pre-polymerised crosslinkers contribute to the rise of glass transition in the nal thermoset product.
Mechanical properties
The mechanical properties of the sample lms were evaluated by tensile testing. Fig. 12 showed the stress-strain curves of the Gly-SA cured ESO (EGS) and cured ESO with DMAP which was used as a control sample. All samples used for tensile testing were cured at 140 C for 24 hours. The control sample exhibited low mechanical properties with tensile strength (s) and elongation at break (3) of 183 AE 7 kPa and 14.1 AE 0.3%, respectively (Table 2 ). Films comprising of ESO, Gly-SA crosslinkers and DMAP demonstrated higher tensile strength, elongation at break and Young's modulus compared to those of the control. The tensile strength increased to 883 AE 43, 1203 AE 32, 1544 AE 76, and 2323 AE 102 kPa for EGS90, EGS110, EGS130, and EGS150, respectively with the EGS150 lm demonstrating a tensile strength which is 13 times higher than that of the control lm. The addition of the crosslinkers also enhanced the elongation at break of the materials with EGS150 exhibited more than 220% increase in elongation at break compared to that of the DMAP cured ESO sample. The Young's modulus of the samples with crosslinkers signicantly increased to quadruple the value obtained for the control sample. It is noteworthy that the tensile strength and elongation at break increased with increasing Gly-SA chain length, suggesting the pre-polymerised crosslinkers contribute to the enhanced mechanical properties of the materials. DMA plots between storage modulus (E 0 ) versus temperature, and tan d versus temperature were provided in Fig. 13 . The glass transition temperature (determined from the tan d peak temperature) shied to higher temperature with increasing chain-length of Gly-SA (5.0, 5.1, 6.6 and 8.6 C for EGS90, EGS110, EGS130 and EGS150, respectively). This is in good accordance with DSC results. The increase of the glass transition temperature gives further insight concerning the more dense structure of the thermosets prepared from larger crosslinkers due to the decrease in chain-end concentration.
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Storage moduli of EGS lms were signicantly higher than that of cured ESO (control sample). It was found that the E 0 increased as the molecular weight of the Gly-SA crosslinking agent increased. Storage moduli of all EGS lms began to change noticeably at À20 C. The reduced E 0 was due to glassy-torubbery state transitions in the sample. The storage moduli at different temperatures were listed in Table 3 .
Thermal ageing study
The mechanical properties of materials aer thermal ageing are reported in Table 2 . The Young's modulus clearly decreased aer 7 days of ageing in a hot air oven for all samples. The tensile strength also decreased for the control sample, EGS90 and EGS150, however that of EGS110 and EGS130 slightly increased. This suggests that the curing of the formers were completed but the EGS110 and EGS130 may undergo the postcuring process. De Albuquerque et al. also noticed the slight increase in tensile strength aer 4 days of thermal ageing, however the fall-off of the tensile strength was noted when the duration of thermal ageing was prolonged. 46 The deterioration of the materials was due to oxidative degradation of the polymer. The elongation at break increased aer the ageing process, due to the plasticising effect of water in the sample. 47 
Thermal stability of EGS lms
The thermal stability of the EGS lms were investigated by TGA under nitrogen atmosphere is shown in Fig. 14 . The rst stage of decomposition of the lm was found between 160 and 330 C, which corresponds to the decomposition of succinic and glycerol remainder in the crosslinkers. These results strongly correlated with TGA data obtained for the crosslinkers, whereas at temperatures from 330 to 490 C the decomposition of the crosslinked polymer network was observed.
Oxidative stability
During the use of the bio-based thermoset lms in applications such as coating, oxygen may diffuse through the lm leading to the degradation of thermoset polymer, most of which come from free radical damage. Oxidative stability of EGS lms were therefore monitored by treating the lms in the Fenton's reagent (2 ppm FeSO 4 in 3 wt% H 2 O 2 solution) at 80 C for 1 h. Fig. 15 demonstrates that all the EGS lms exhibited the residual weight (R W ) in the region of 90-96%. The EGS lm with a long chain crosslinking exhibited slightly lower oxidation stability than one with a short chain cross-linking. This was possibly due to the lower crosslinking density as suggested by lower total heat of reaction obtained from the DSC results. However, all of these bio-based thermosets are considered to demonstrate excellent oxidative resistance with the R W of 96.0%, 95.3%, 93.7% and 91.2% for EGS90, EGS110, EGS130 and EGS150, respectively.
The crosslinkers and thermosets developed in this work offer a number of clear advantages to existing systems reported in the literature including being derived from abundant and low cost bio-derived feedstocks. Other reported crosslinkers are frequently only partially bio-derived, utilising expensive and low volume feedstocks. [27] [28] [29] 36, 37 This demonstrates a clear advantage of the EGS lms, not only from an environmental standpoint but also from an economical perspective. This study also demonstrated the higher molecular weight crosslinkers, which can be obtained at increased preparation temperatures, led to materials with superior mechanical properties. The fully biobased materials exhibit promising properties such high thermal stability and excellent oxidative resistance of more than 90%, which is superior compared to other materials previously reported. 48, 49 Previous literature has demonstrated limited focus on oxidative resistant properties of bio-based thermosets, this further highlights a distinct advantage of this study.
Conclusions
Fully bio-based thermoset materials have been synthesised from epoxidised soybean oil and bio-derived carboxylterminated hyperbranched crosslinkers. The crosslinkers were synthesised using the facile esterication reaction of glycerol with succinic anhydride (Gly-SA). The characterisation of the crosslinkers has shown that the molecular weight of the crosslinkers increased as the preparation temperatures increased, suggesting an introduction of hyperbranches to the molecules. FTIR and NMR techniques conrmed the presence of carboxylic acid functionality within the crosslinker molecules which allows the crosslinking with the epoxide of ESO. The obtained thermoset materials demonstrated high exibility and transparency with excellent oxidative resistance. This study also investigated the effect of different molecular weights of Gly-SA on the thermal and mechanical properties of the thermoset lms. DSC analysis revealed a slight decrease of the curing rate when the molecular weights of Gly-SA increase. The incorporation of the bulky of crosslinkers resulted in an increase of the glass transition temperature (T g ). The lm produced from Gly-SA crosslinker prepared at 150 C (EGS150) exhibited a tensile strength 13 times greater than that of the control lm. Furthermore a 220% increase in elongation at break and a fourfold increase in Young's modulus compared to the values obtained from the control sample were noted. These results are in good accordance with those obtained from DMA study as the enhancement in T g and storage moduli were also observed as the molecular weight of the crosslinking agent increased. Moreover these thermoset materials demonstrated excellent oxidative stability, ensuring a potential use of these materials in applications such as coating.
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